Russia is frequently referred to as a country with substantial energy efficiency and renewable energy potential. In 2000-2008 energy-gross domestic product (GDP) ratios were improved by 35%, however, the contribution of technological progress accounts for only 1% of the energy-GDP ratio reduction. At the same time, although new policy mechanisms to stimulate renewable energy development have been recently introduced, renewable technology deployment has not yet taken off. Economic theory suggests that there is no better incentive for industry development than cost signals. This paper adapts the levelised cost of energy methodology to examine the cost structures associated with electricity generation by conventional and new technology types for a Russian region (Moscow). The model, run for two fuel price scenarios, allowed us to conclude that the regional energy supply system is heavily dependent on the natural gas price and that the diversification provided by technology development will be beneficial for the energy security of the region. We conclude that new and renewable technologies become cost-effective for electricity generation as domestic natural gas prices reach parity with export prices. However, strong political and financial support is needed to boost technological development and renewables application in Russia.
Introduction
Russia is a country with substantial energy efficiency (EE) potential, estimated as 45% of primary energy use, as well as carbon emissions reduction potential, estimated as 793 million tons of CO 2 or approximately 2.9% of global energy-related CO 2 emissions (Trudeau and Murray 2011) . Although Russia has shown an improvement in decreasing energy intensity over the last decade -energy-GDP ratios were improved by 35% between 2000 -2008 , this was mainly due to structural changes in the economy and growth in the service sectors rather than industry. The contribution of technological progress is estimated to account for only 1% of the energy-GDP ratio improvement in Russia (Bashmakov, Borisov et al. 2008) . The current value of energy-GDP ratio is still 2.5-3 times higher than in developed countries (GRF 2010, Erin and .
Electricity generation in Russia is mostly provided by thermal (including cogeneration) plants which account for 69% of electricity. Large hydroelectric plants contribute approximately 21% of total electricity generated and nuclear plants provide up to 10% of power (IEA and OECD 2005) . However, the existing share of renewable energy source (RES) electricity generation in Russia (excluding large hydroelectric plants) is estimated at between 0.1% (REN21 2011) and 0.5% (IEA 2003) . However, RES resources in Russia are large and diverse, with a recognized volume of approximately 30% of Russia's primary energy supply (IEA 2003 , GIS 2014 .
Understanding the identified EE potential, improvement in EE was made a national goal initially targeting a 40% reduction in energy intensity by 2020 and later reduced to 13% (GRF 2014) . Improvement in energy generating technology and adoption of RES technology were identified as the key to achieve the goal. Current regulation sets national targets in RES development as shares: for 2015 -2.5%; and for 2020 -4.5%, excluding large hydroelectricity producers (GRF 2009 ).
Future economic development of the country is reliant on the realisation of the EE potential that the national economy is "pregnant with" (Bashmakov, Borisov et al. 2008, Erin and . A boost of RES deployment in the country is crucial (IEA 2003, Boute and Willems 2012) . The conundrum for industry and policy makers is how to stimulate technological development and RES deployment in the Russian energy sector .
In addressing this problem, this paper relies on economic theory suggesting that the most effective incentive for industry development is a reduction in marginal costs. We apply a cost of energy modelling tool -levelised cost of energy generation (LCOE) which allows a comparison of new energy generating technology cost with conventional electricity generation. This paper therefore addresses issues of technology deployment feasibility for Russia to determine the cost competitiveness of new and renewable electricity generation. Specifically, the case study provides an insight into electricity generation costs for region specific economic and industrial conditions.  Moscow, the most populated region in Russia, with a large metropolitan area and substantial energy consumption is the case study. It accounts for 0.015% of land area and 8.3% of the population of Russia (FSSS 2011) . Moscow Region energy consumption accounts for 11.7% of Russian total energy consumption (NP Market Council 2011). As compared to power generation in Russia, more than 95% of electricity in the Moscow and Moscow Region is supplied by thermal power stations of different types (figure 2.2, see Appendix B.6 for more details), whether hydro energy based generation contribution is insufficient (NP Market Council 2011) . Moscow as a case study is particularly interesting as it raises issues about the energy supply system which could be encountered by megacities in other countries.
However, the issues raised in this paper go beyond the Russian regional and national level. This paper presents a step forward in the analysis of electricity generation options for countries and locations where feasibility of renewable generation is yet to be realised. Furthermore, we provide an analysis of technological development and RES deployment for countries whose cost of capital is high, a situation applicable to the many former Soviet Union countries.
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This study demonstrates the application of a reliable and robust methodology to uniquely constructed datasets for the Russian energy system. It results in cost estimates, technology ranking and screening curves which form a basis for international comparisons and future research. The paper contributes to the body of international literature which to date, is severely limited present Russian energy system analysis. An earlier version of our results have been used in a study by Gorbacheva and Sovacool (2015) .
The next section of this paper introduces the LCOE model. The third section discusses the specification of the financial assumptions for the Russian case study, provides an overview of technology types under consideration, and explores technological parameters for the model. It also introduces two scenarios for further modelling. The fourth section presents and discusses the modelling results, limitations of the study and provides a sensitivity analysis. The last section discusses policy implications and provides recommendations for decision making resulting from the methodology and modelling results.
Methods and calculation

Levelised cost of energy model outline
LCOE is a well-developed and widely used energy cost model which has various applications in research as well as decision making processes (Foster, Wagner et al. 2014) . The model has been applied at different governance levels -from national energy strategy determination and energy sector modelling (CEC 2007 , Klein 2009 , Electric Power Research Institute 2010 , EIA 2011 , BREE 2012 ) to local energy generating technology description (Branker, Pathak et al. 2011 , Freeman, Hellgardt et al. 2015 , Parra, Gillott et al. 2015 . Its relative simplicity, transparency and robustness renders LCOE a standard modelling technique for the analysis of cost performance of energy generation alternatives at different scales, investment requirements, operating periods as well as for other parameters. Although widely used in the European context (Freeman, Hellgardt et al. 2015 , Parra, Gillott et al. 2015 , Pfenninger and Keirstead 2015 , Talavera, Pérez-Higueras et al. 2015 , LCOE has yet to be applied to the analysis of electricity generation technologies for the Russian energy sector. The few exceptions include studies by the International Energy Association (IEA) where Russia is considered among other countries (IEA and NEA 2010) or within the World Energy Model (IEA 2012 , IEA 2012 . No applications have been found exploring generation costs for Russian regional economies using the LCOE methodology.
The LCOE function is defined as the sum of lifelong costs of energy production per unit, adjusted to current and predicted financial parameters. This study adopts the LCOE function developed by Wagner and Foster (Wagner and Foster 2011 ) (eq.1) with parameters defined in table 1.
The function calculates the levelised cost of power generation (LCOE j ) for technology j over the operating lifetime n. The cost estimates account for annualized capital costs (Capex(t) j ), discounted total operating costs summed for each period in the lifetime (TOC(t) j ) at the discount rate based on the weighted average cost of capital (WACC). The costs are calculated per unit of sent out power in each period (SOR(t) j ). The model assumes application of growth parameters separately for revenue flow (I(t) R ) and cost flow (I(t) C ). The original LCOE model (Wagner and Foster 2011) applies the consumer price index (CPI) to cost and revenue pass through rates to reflect the growth parameter acknowledging that 6 revenue and costs for generating companies are anticipated to increase at different rates. This study follows this approach by introducing I(t) R and I(t) C .
The components of the LCOE model are separated into two groups (technological and financial parameters) and discussed below. 
Financial parameters of the LCOE model
The weighted average cost of capital (WACC) is applied in the model to incorporate the current financial parameters of the national and regional economies and to take into consideration the opportunity cost of capital. The following conventional function for WACC is used (Wagner and Foster 2011) :
To obtain WACC in real terms the CPI was accounted for as following.
Price of equity was determined using the Capital Asset Pricing Model (CAPM):
The following assumptions have been made for the financial parameters of the model ( Current legislation defines the risk free rate of return as the rate of return of long-term government bonds of the Russian Federation issued for 8-10 years. This parameter is applied in the model.
CAPM applications often consider other risk factors such as country risk, small stock risk or company size premium or company specific risk (Salomons and Grootveld 2002 , Romanova, Kushel et al. 2004 , Ivanov 2007 . We assumed country risk as 2%. Consequently, the cost of equity assumed for the model is 15.5% which is comparable to values obtained for Russian generation companies in previous research: 9.53% (Romanova, Kushel et al. 2004) , 12.56% (Ivanov 2007) and 20.8% (OLMA 2004) .
Long-run projections of financial parameters such as price indexes (CPI) in Russia are not available. The Ministry of Economic Development of the Russian Federation has published price index projections for selected industries where CPI is expected to decrease from 5.1% in 2015 to 2.5% by 2030 (long run average -3.4%) (Ministry of Economic Development of the Russian Federation 2011). However, historical price indexes show that 3.4% would be an optimistic assumption. According to Russian national statistics over the past 11 year period, average consumer and producer price indices reached 12.2% and 11.5% respectively, with the average index for mining industries output -23.7%, and for gas, electricity and water -17.8%. Consequently, a rate of 6% is assumed as a price index to reflect the strategic goal for a national decrease in inflation.
For the cost of debt estimation, current Russian legislation recommends that the Central Bank of the Russian Federation refinancing interest rate increase by 2% (FTSR 2011) . Since the current rate is 8% (Central Bank of the Russian Federation 2012), for modeling purposes we assume d R = 10%.
The corporate tax in Russia is 24% (RF 1998) . Consequently the obtained value for post tax nominal WACC is 13.92%.
The Ministry of Energy of the Russian Federation (MERF 2011) recommends WACC estimates for the wholesale electricity and capacity market participants to determine contract parameters, and as a 8 discount factor for cash flow analysis. The value for 2012 was 14% (NP Market Council 2011) . It is close to the assumed WACC used in this study, which in turn justifies the assumptions for our LCOE model.
Technological parameters of the LCOE model
One of the major problems for research in the energy sector in Russia is data availability. International and national organisations identify a lack and inconsistency of energy sector data (Bashmakov, Borisov et al. 2008 , Trudeau and Murray 2011 , WB 2011a . For example, according to IEA nearly 50% of data required for EE indicators is not available in Russian statistics (Trudeau and Murray 2011) , they also notice a break in the data bases, crucial lack of data for service sectors and disaggregated data for the transport sector.
Regional energy data collection and analysis is even more problematic. Kalashnikov et al. (2011) reported that regional energy balance data was not collected in Russia after 1990 , data collection procedures in place are not compliant with the Organisation for Economic Co-operation and Development (OECD) practice and they identified incomplete and contradictory data in energy demand, supply, export and import. Furthermore, data for generating plants currently operating in the Moscow region are not available for single plants or blocks, which renders data too general for technology analysis.
To address the identified information problems we constructed a dataset with technology and cost parameters for selected technology types sourced from existing legislation, industry reports and international studies.
Three groups of technology types are considered. The first represents conventional generation with modelling based on legislatively established cost parameters as well as existing energy generating companies' reports. The second group is new technology based on fossil fuels with technology and cost parameters sourced from international datasets and reports. The third group consists of nonrenewable generators with data sourced from current legislation and international datasets. The technology types and assumed installed generation capacity are defined in table 3. The installed capacity determines plant size. It is important to note that although Russia in general and Moscow specifically have relatively low solar irradiation levels when compared to many other regions of the World, solar technology is expected to play an important role in the achievement of the state and national energy efficiency and renewable energy goals as well as in the reduction of GDP energy intensity , MCG 2011 and is therefore considered. Wind technology has important deployment potential in Russia and is expected to play a key role in achieving the state renewable energy target, although wind generation is not yet widely employed in electricity generation. Although the potential of small hydro technology deployment in the region of interest is not considered to be large, this technology type is considered for the completeness of analysis. Availability of biomass resources and therefore feasibility of this technology is further discussed in section 2.3.1. -small (100 MW of installed generation capacity); -medium (250 MW); -large (500 MW).
Legislation (GRF 2010b); Generators reports , Enel Russia 2012 , OGK-1 2012 .
Black coal Large (250 MW) and medium (100 MW) conventional black coal fired generators are modelled.
Legislation (GRF 2010b); Generators reports (Romanova, Kushel et al. 2004 ). II. New non-renewable generation Natural gas Combined cycle gas turbine (CCGT) with 392 MW installed capacity.
IEA study in the estimates for Russia (IEA and NEA 2010 Domestic natural gas prices in Russia are relatively low in comparison with international prices (table 5) . Although natural gas prices are regulated and are expected to remain regulated in the short to medium term, it is anticipated that domestic prices will reach parity with Russian export prices for the Eastern Europe (IEA and NEA 2010) . This projection is considered in the model by analysing two scenarios: -Scenario 1: gas price is assumed to remain at the domestic level; -Scenario 2: gas price is assumed to reach parity with the export price for neighbouring countries. The latter can be considered as the shadow price for natural gas used domestically for power production given that Russia is widely involved in international trade of natural gas. To determine the value for the shadow price of natural gas and explore how the shadow pricing of natural gas changes the modelling results we considered export prices reported by Gazprom (table 5 ) and in the national statistics. Consequently, a price of 195 RUR/GJ is assumed as the shadow price of natural gas.
Since no statistical data is available to determine the price of uranium for nuclear generation, international studies were used to source data on price estimations (IEA/NEA 2010).
Estimation of the biofuel price is complicated due to the diversity of biofuel types and their specific characteristics. Furthermore, the biofuel for biomass power generating plants is commonly sourced locally and includes industrial, domestic and agriculture residues with no price data available. However, the literature demonstrates that biofuel provides an important renewable energy potential for Russia (Pristupa, Mol et al. 2010) . Furthermore, Moscow specifically is one of the Russian regions with the highest potential for solid waste and wastewater for biomass generation (GIS 11 2014). On the other hand, the commercial market for biomass feedstock is mostly represented by wood chip and pellets (IRENA 2012) . Importantly, in the wood pellets market, Russia is one of the major exporters to Europe (IRENA 2012 , Sikkema, Faaij et al. 2013 . The assumed price of biofuel for the Russian regional case study is 39.2 RUR/GJ (approximately 1.4 USD/GJ) (table 4) . A study by the U.S. Department of Energy (US DOE 2011) reports that forest residues with 30-40% moisture were priced at 1.3-2.61 USD/GJ in 2011 and wood waste with 5-15% moisture was priced in the range of 0.5 to 2.51 USD/GJ which justifies the price assumption. It also allows us to assume that sufficient biomass resources are expected to be available in the region in the medium to long term.
An important issue is the availability of the biofuel resources for the region in the medium to long run.
Capital costs
The legislation establishing rules for capacity markets in Russia suggests estimates of capital and fixed operating and maintenance costs for gas and coal based generation (GRF 2010b) . These values are adjusted using a temperature zone coefficient (1.15) to reflect the Moscow region and used as a proxy for conventional generating plant costs (table 6). a -converted to 2010 estimates using a price index of 1.13 (FSSS 2011). b -converted to 2010 estimates using exchange rate (24.85 RUR/USD); and a price index of 1.34 (FSSS 2011).
Source: Legislation (GRF 2010b , GRF 2013 , international studies (IEA 2010 , IEA and NEA 2010 , IEA 2012 , IEA 2012 , IEA 2012 Capital costs for renewable generators are also sourced from the legislation (Decree No. 449) which sets a range of parameters for renewable generators to be eligible to participate in the capacity based renewable energy generation support scheme, including capital costs and fixed operating costs. These estimates are applied for solar, wind and small hydro based generation technology.
Capex estimates for biomass generation are based on IEA World Energy Outlook model estimates for Russia (2012) , and converted to the Russian currency using the exchange rate of 28.42 (WEM 2012).
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Capital cost estimates for CCGT and new black coal based technologies are adopted from the IEA for the Russian energy system (IEA and NEA 2010).
The construction periods and associated profiles are assumed as shown in table 6. The construction periods for each of the conventional generating plants is assumed to be 2 and 4 years for gas and coal based plants respectively. These values follow IEA assumptions for the new gas and coal based generating plants (IEA and NEA 2010) . The construction profiles for other generating technologies follow the assumptions from the datasets used NEA 2010, BREE 2012 ).
Capex maintenance rates (CM(t) j ) are sourced from international studies since Russian specific estimates are not available (Simshauser and Wild 2009, Wagner and Foster 2011) .
Review of international LCOE applications and datasets shows that decommissioning costs are mostly assumed to be zero for all the reference technology types except for nuclear based technology. However, the IEA study states zero costs for nuclear plant decommissioning for Russia as compared to many other countries (IEA and NEA 2010) . Therefore no decommissioning costs were accounted for in this research.
Technology learning
In the LCOE applications technology learning is often reflected as a decrease in overnight costs or/and increase in thermal efficiency. However, technology learning is difficult to estimate, the rates at which each technology is able to learn is subject to discussion. For non-renewable generation types we followed the approach applied by the California Energy Commission (Klein 2009 ) which expects no or little improvement for the majority of technology types over the 20-year period, except for wind and solar based technologies.
The expected rate of capital cost degradation for solar PV varies across studies. Some studies show price reductions of nearly 20% since 2008 (Wirth 2013; Pahle et al. 2012) . Others agree on the learning rates for PV technology being 14-18% per doubling of installed capacity (IEA 2010 , Schröder, Kunz et al. 2013 . As demonstrated in table 7 the renewable energy support scheme in Russia suggests more modest capital cost reduction rates of 11.4% over the reference period. An annual equivalent of this value (1.9%) is used in this study. (GRF 2013 , IFC 2013 Onshore wind generation is often referred to as a mature technology (as compared to offshore wind) which shows low to zero learning rates for the technology. For instance, the European Commission Energy Roadmap assumes a decrease in capital costs of onshore wind turbine construction from 1796 EUR/kW (2010) to 1620 EUR/kW (2050) or 0.2% yearly (EC 2011) and the IEA applies reduction rates of around 0.17% annually for the capital cost of wind generation plants (EIA and US DOE 2010, Schröder, Kunz et al. 2013) . Current legislation in Russia assumes 0.6% capex depletion over the period of 2014-2020 which is equivalent to only 0.1% reduction per annum (GRF 2013) which has been applied in our model.
Operating and maintenance costs
Operating and maintenance (O&M) costs are important components of the energy production cost. Variable O&M costs (VOM) are assumed to vary with the output level, fixed O&M costs (FOM) are calculated on a per annum basis.
Russian legislation for capacity trading suggests estimates for capacity operating costs for natural gas and coal based electricity generation (GRF 2010b, NP Market Council 2011) and RES based 13 generators (Decree 449). These values are used as an approximation for FOM costs for conventional generating technology and renewable technology respectively.
To develop VOM assumptions for conventional fossil fuel technologies, annual report data from major generating companies in the Moscow region was consulted for a comparative analysis , Enel Russia 2012 , OGK-1 2012 . Based on the data collected, variable costs in 2010, on average, accounted for 1602.63 RUR/MWh including 1083.16 RUR/MWh of fuel costs. Therefore the value associated with the VOM applied in the LCOE modelling for conventional generation is 519.5 RUR/MWh.
The assumptions for the new gas and coal based technology types are adopted from the IEA study specified for Russia (IEA and NEA 2010) . Since no separation of fixed and variable costs is undertaken in the source, the assumed values are combined as presented in table 8. 
Heat rates, capacity factor and auxiliary energy use
The heat rate (HRj) is one of the most important characteristics of generating technology which reflects efficiency of fuel input use. The heat rate characterises the thermal efficiency of the plant, and is inversely related to it (CEC 2014). Heat rate increase can reflect a decrease in generating efficiency. However, depletion speed is determined by the maintenance program and operating features. Following previous studies (Simshauser and Wild 2009, Wagner and Foster 2011 ), this LCOE model incorporates the maintenance cost parameter (CM(t) j ) as a cost offsetting thermal efficiency depletion assuming that capital maintenance can offset technology depletion over the operating time between major overhauls.
Existing generation company reports were used for the LCOE modelling to define the thermal efficiency for conventional generation technology. The reported thermal efficiency by Mosenergo for regional generating plants in 2010 was 48.7% (Tidball, Bluestein et al. 2013) , however, the devices on the mass market face approximately 16% efficiency (Schröder, Kunz et al. 2013) . Given climatic conditions and the low level of solar deployment experience in the Moscow region, a CF of 14% is a feasible assumption. Onshore wind CF is set at 27%, although the IEA assumed CF for the onshore wind in Russia is set as high as 32%. The CF for biofuel-based generation is assumed to be 70% following IEA World Energy Outlook 2012 assumptions for Russian generators (IEA 2012, IEA 2012).
Overall, it can be observed that the CF for conventional power plants is substantially lower than for new non-renewable generation technologies. This provokes discussion in the literature whether the utilisation of existing installed capacity should be improved. For instance, Nigmatulin (2011) argues that the CF for Russian current generators should be increased by 15-20% to reach European levels.
An acknowledgment needs to be made that the heat rate value is correlated with capacity factors which can be used to allow for technological progress in the modelling. However, since this dependence is contradictory and cannot be specified for each technology considered, constant heat rates have been assumed for the reference technologies over the period of operation.
Current legislation in Russia sets the auxiliary energy use coefficient as 1.033 for natural gas based technologies and 1.069 for coal based (GRF 2010b Having outlined the model and explored the general assumptions we can now run the model for the scenarios of interest.
Results and discussion
In this paper two scenarios were tested to allow for indicative ranking of technology types according to the estimated unit cost of electricity generation for Moscow -domestic price (85 RUR/GJ) and export price for neighboring countries treated as a shadow price (195 RUR/GJ). This section reports and discusses scenario outcomes, as well as the results of the sensitivity analysis and acknowledges the limitations of this study.
Scenario 1 -Domestic natural gas price
The LCOE values obtained for the listed technology types are presented in table 10 and figure 1. Generating cost comparison shows that CCGT based technologies were favored based on the levelised costs. Specifically, the unit cost of energy produced by CCGT is estimated to be 1685 RUR/MWh. CCGT outperforms conventional gas based technologies for which the LCOE value is estimated to be 2473 RUR/MWh for large plants and 2611 RUR/MWh and 2791 RUR/MWh for medium and small size plants respectively. Consequently the analysis reveals that with the current fuel prices CCGT can provide electricity generation at a relatively lower cost calculated over the lifespan of the plant. It outperforms conventional natural gas based generators. Importantly, this finding corresponds to recent decisions of the generation companies on the introduction of CCGT as a preferred new generating technology option ).
Among renewable electricity generation options, the generation cost for solar technology is estimated to exceed the unit costs of other generating options (10511 RUR/MWh). Less costly RES options are biofuel and wind. Biomass based generation shows better cost estimates than existing conventional gas based generators which makes it the most cost competitive renewable generation option for the region. Biomass generation is outperformed by CCGT only in Scenario 1. Onshore wind generation showed lower LCOE estimates than conventional black coal based generators of two sizes. However, the estimated cost of a unit of electricity generated by wind turbines (3347 RUR/MWh) still doesn't allow this technology to compete with natural gas-based generators as well as biomass and the new black SC and USC coal plants. 
Scenario 2 -Shadow price of natural gas
The second Scenario is built on the assumption that natural gas is priced at 195 RUR/GJ. Table 11 and figure 2 provide the modelling results for Scenario 2. Consideration of the shadow price of the natural gas substantially change the modelling outcomes. The lowest cost generation option according to the LCOE is now biomass based generation with the cost parameter at 1918 RUR/MWh. CCGT still outperforms existing technologies and so do new coal based SC and USC generation, nuclear and wind. Interestingly wind based technology cost, estimated at 3347 RUR/MWh, results in the wind generation technology being ranked higher than conventional gas plants and close to existing plants fuelled by black coal. The shadow pricing of natural gas results in an increase in gas price of approximately 129% which in turn is estimated to cause an increase in electricity production costs for conventional natural gas based technologies by 38 and 43% for small and large gas generators (figure 2).
Figure 2 LCOE values for Scenario 2
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As a consequence electricity generation by biomass plants and new black coal based plants would be able to outperform conventional generators and compete closely with CCGT based on the cost estimates. Wind and nuclear generators also showed important improvement in the ranking position among other generation technology types (figure 3).
Figure 3 Scenarios comparison
The LCOE model suggests that solar PV technology, per unit of electricity generated, is expected to cost over six times more than a unit of electricity generated by a CCGT plant or over three times more than one generated by wind turbines. Overall, solar technology provides the highest cost estimates in both scenarios. It questions the feasibility of this technology deployment in the region as will be discussed further.
Screening curves
Screening curves map the LCOE values for each technology, given the varying capacity factors (Klein 2009) . Screening curves present LCOE as a function of the CF allowing researchers to observe the sensitivity of the modelling results to variations in the CF, which in turn can be interpreted as a risk associated with uncertainty associated with determination of CF in the model (Klein 2009 ).
The screening curves for the Russian regional case study generators are presented in figure 4 in logarithmic scale. The screening curves show a clear trend of a decrease in LCOE estimates with the increase in CF for each type of generation technology. However, the rate of decrease and associated range of LCOE estimates vary substantially across technology types.
All technology types exhibit a dramatic decrease in unit generating cost estimates with an increase in CF for capacity factors under 15%. Renewable generation technologies as well as black coal USC PCC with CCS show a notably larger decrease for this section of the curves (see figure 4 for details). For example, LCOE estimates for solar PV decrease from 85,527 RUR/MWh at 5% CF to 11,460 RUR/MWh at 15% CF. Interestingly, black coal based USC PCC with CCS, although showing a rapid decrease in LCOE with respect to an increase of CF, remains high as compared to 20 other technology types across the CF values, which demonstrates the inability of the USC PCC with CCS technology to compete on cost estimates.
A turning point is observed for many technology types at around 7-20% of the CF ( figure 5 ). This demonstrates a section of the curve when the rate of decrease of the LCOE values drops for most of the technology types. Generally is can be observed that for every technology type before the turning point, a percentage increase in CF has a stronger effect on the LCOE estimates than after the turning point. It is important to note that the assumed CF for solar PV generating technology (14%) positions LCOE estimates for this technology type within the observed turning point of its screening curve. Therefore it can be anticipated that an increase in CF can have a substantial positive effect on LCOE estimates for solar PV resulting in decreased generation cost estimates. Interestingly, the assumed values for CF for wind technology (27%) and biomass (35%), position LCOE estimates for these technology types to the right of the turning point along their screening curves.
Sensitivity analysis and comparison to the results from other studies
Having presented the LCOE results for Moscow electricity generation, the robustness of the model can now be challenged by a sensitivity analysis. The sensitivity was tested with respect to a 20% change in the cost components and determinants of LCOE values. The analysis has been undertaken with respect to the following variables:
-capital costs; -O&M costs; -fuel cost and heat rate; -CF; -WACC.
Generally, LCOE estimates show sensitivity to the change in the selected model variables. However, the magnitude of responsiveness was not substantial for most of the technology types. On average, a 20% change in the input variable values resulted in not more than 9% decrease and not more than 11% increase in cost estimates for non-renewable generation technologies. This demonstrates the overall robustness of the modeling outcomes. Renewable generation types show higher sensitivity to deviation in the main variables of the model reaching 25% of the LCOE estimates for solar and wind generators due to a 20% increase in the CF.
The sensitivity analysis results are presented in detail in the Appendix.
To conclude on the applicability of the obtained results for the regional decision making in Russia, these results are compared to other studies. The IEA study is considered (IEA and NEA 2010) for this purpose for comparable technology types. The estimates for unit cost of electricity are converted into RUR/MWh and presented in table 13 for comparable technology types. The comparison demonstrates that our estimates are 33-44% higher than the estimates sourced from the IEA study for comparable generation technology types. The difference, although appearing substantial, can be explained by the difference in the modelling assumptions. However, comparison of the relative performance of technology types reveals interesting conclusions: technology rankings, according to the IEA, reiterates the ranking obtained in this study (Scenario 1). In both cases CCGT shows the best performance among the listed technology types, followed by black coal SC and UCS PCC, nuclear, wind and black coal USC PPP with CCS.
Consequently, the difference between the obtained estimates when compared to other studies is expected and reflects the specifications of the methodology as well as the datasets utilized in the modelling. However, the closeness of the obtained technology rankings to the international study in the estimates for Russia provides an argument to conclude that the LCOE modelling results obtained in this study are credible. Assumptions for the model both for technological and financial parameters can be disputed.
International dataset applicability to Russian conditions is an issue for discussion. Ultimately, the reliability, consistency and transparency of the data used for modelling determines the applicability and usefulness of the outcomes. Although the data used was tested against current energy generation parameters and previous studies whenever possible, improvement in the modelling outcomes would be possible if/when more consistent, complete and detailed data is available.
The selected list of technology types considered in the study was to a certain extent determined by data availability. However, a variety of technology types would determine the difference in cost estimates for generating plants (CEC 2010 , Schröder, Kunz et al. 2013 . The obtained LCOE estimates are indicative. As suggested in the DIW Berlin report (Schröder, Kunz et al. 2013) , it is the decision makers task to select the most efficient specific technology from the technology family for installation.
The LCOE estimates do not capture the intangible values and attributes of energy generation. The model omits social costs (including impact of population health), environmental costs (greenhouse gas emissions, air and water quality impacts), and infrastructure costs. As a result the model estimates the costs accruing to the generating plants' owners. This approach is widely used in LCOE applications (DECC 2013) . However, some of the intangible costs could be incorporated into the model enhancing modelling outcomes for future research.
Specifically, carbon costs are not considered in the model. Although emission reduction is one of the objectives of the national and regional EE programs (MCG 2011 , GRF 2014 , the actual emissions level in the country is still below the targeted 1990 level NEA 2010, IFC 2011) . The proposed Russian goal of 15-20% greenhouse gas emission reduction by 2020 relative to 1990, as submitted to the Copenhagen Accord (2010), doesn't appear binding for the nation (Paltsev 2014) . Carbon emission reduction hasn't been named a national goal of high priority and is mostly referred to as a positive side effect which can be achieved alongside the targeted EE improvement. Although research results are published for a hypothetical carbon price (Chernenko, 2013) , no estimates for the potential carbon price has been found in government documents or reports.
Taking that into consideration, this study doesn't account for the cost of carbon in the LCOE modelling. However, similar to other non-OECD countries, lack of carbon pricing in Russia is likely to encourage continuation of current fossil fuel based generation (West 2012) . Introduction of carbon costs could affect generation projections and priorities for Russian regions. Therefore estimation of the 25 potential carbon cost and its incorporation into the model provide an area for further research.
An important limitation of the constructed LCOE model is omission of energy transportation costs, namely, fuel transportation costs and transmission costs, with associated loses, for the generated energy products. Incorporation of the transportation costs into the model would allow us to improve the accuracy of the LCOE estimates and to consider and estimate the benefits from distributed generation. At the time of this research no detailed data was available to estimate the transportation costs for incorporation into the model. However, in future research the model should be extended to consider transportation costs.
Furthermore, it can be argued that different technology has different values for the energy system due to differences in the reliability of electricity supply. Dispatchable plants are more reliable and hence more valuable for the base load and peak demand as they allow for continuous balance in the energy system (EIA 2013). The applied LCOE technique doesn't facilitate incorporation of this into the analysis and so obtained cost values do not reflect the reliability of the generation types. However, following the USA Energy Information Administration approach (EIA 2013 , EIA 2013 further research could include incorporation of an avoided cost parameter as a reflection of differences in dispatchability of generation plants.
Another important direction for further study is the introduction of government support options into the model, including cost subsidizing and government credits. This would enable further discussion about the feasibility and competitiveness of RES based technology deployment and assist in the selection of alternatives for government assistance as well as preferred timeframes for the technology launch.
Conclusions
This paper addresses the issues of technological development and RES deployment based on cost incentives by adapting the LCOE methodology and constructs a dataset of financial, economic, technological parameters applicable to Russian regional circumstances. The following policy implications and recommendations result from the findings of this study.
CCGT as a new technological solution and regional natural gas price dependency
LCOE analysis demonstrates that CCGT provides the best generation cost estimates when current fuel prices are considered which reveals the direction for cost-effective technological improvement for the Moscow energy system. These results allow us to conclude that the introduction of CCGT as a relatively new technological decision should be recommended to the regional government to allow electricity generation at lower cost. It will contribute to technological development, and in turn to the achievement of the national and regional EE goals.
On the other hand, scenario analysis reveals an important issue for regional energy dependence on natural gas prices: if the domestic gas prices in Russia reached parity with international prices it would cause a significant increase in gas-based generating cost parameters. A large share of the fuel mix is natural gas, therefore the dependency of the Russian power system on gas is known (APBE 2009). Therefore, a natural gas price increase at the regional level could have catastrophic consequences especially if that region doesn't have its own gas source. In terms of public policy, natural gas dependence can be interpreted as affecting the energy system security of the region given the existing mono-technology nature of supply. Technological diversity should be considered when developing public programs for the energy sector since a natural gas price increase would dramatically affect electricity prices for consumers and/or have an impact on the state budget used to compensate for an increase in prices. This is especially important given the current process of electricity sector reform 26 (IPEM 2013) , provided that the gas and heat sectors are ready for market introduction and regulatory reform.
Cost competitiveness of renewable generation
The modelling demonstrates that due to the high cost of capital in Russia, technologies with higher construction costs including solar, wind and hydro, will not be able to compete with conventional generation at the current level of fuel prices. However, if natural gas price increases to the export price level, biomass followed by wind options would become the best RES solution among considered electricity generation technology types for the Moscow region. Furthermore, biomass technology outperforms fossil fuel-based alternatives when the shadow price of natural gas is considered (Scenario 2) and competes closely with CCGT and conventional generators at current fuel prices (Scenario 1).
This result is important in the light of the RES stimulation policy in the country and region. Recently adopted regulations which provide stimulation for RES generation development in Russia via capacity contracts, omits biomass based generators (GRF 2013 , IFC 2013 (Kuleshov, Viljainen et al. 2012) , and information asymmetry (IEA 2010) . Although these factors are expected to be overcome with electricity reform and further development of the energy market, the existing competitive advantage of biomass generation demonstrated by the LCOE should not be overlooked. Biomass generation as a RES solution can potentially provide electricity generation at lower cost which will contribute to the diversification of technology used and improvement of energy security of the region. Therefore biomass generation adoption in the Russian regions should be closely monitored by the regional government authorities with a set of actions prepared to be launched, if incentives to boost the technology adoption are required.
Several other conclusions follow the LCOE model results in the light of the national and regional RES deployment goals. With the exception of biomass generation, RES-based technology showed a relatively low LCOE performance, unable to compete with conventional and new fossil-fuel technologies. Unless wind turbine and solar panel installation and maintenance is heavily supported by the government and the electricity market regulator gives a priority to RES energy generation, the chance of their development, given large cost of capital in the region, is minor.
Specifically, solar PV technology remains too costly to be considered an option for Moscow. It is not expected to be taken up in the short to medium term and reach competitive cost, given Russian regional conditions. This questions the feasibility of PV introduction in the region at the present time. As demonstrated by the screening curve analysis, the existing LCOE estimate falls approximately into the region of the turning point for the technology. Therefore, a small improvement in the CF can be anticipated to result in a rapid decrease in LCOE estimates for solar generation. In sort, a decrease in capital costs for solar generation and an increase in technology efficiency might change this conclusion in the coming years.
Importantly, the LCOE results for renewable generators raise questions about the feasibility of RES development objectives set by the regional government. In particular, whether the achievement of 4.5% energy generation based on RES by 2020 is possible. With the exception of biomass generation, RES based technology perform badly in comparison to other technologies on costs. The regional EE program suggests that RES technologies that are to be developed within the program period (by 2020) will be subsidized by the government. However, we cannot expect this support to be economically efficient, given that most of the renewable technologies cannot compete with either conventional or new gas fired generation.
Overall, the LCOE model has demonstrated its ability to provide valuable information for decision makers about which technologies should be supported today to compete and achieve efficiency in the future. Given the scarcity of budget resources, the cost of generation should be considered in the development and implementation of energy policy. This considered view is required to achieve state and regional goals of EE, and RES based technology deployment targeted by the national and regional energy efficiency initiatives. However, the study also demonstrates that lack of reliable and systematic data is an important barrier to economic analysis in Russia and specifically in the regions. On-going development of statistics in the energy sector will provide further opportunities for research and development of analytical tools. Furthermore, market mechanisms in the energy sector in Russia are not yet suited to create incentives for new technologies including RES. Strong political and financial support is needed to boost technological development and RES application in Russia.
